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Abstract 
The non-Darcy seepage flow in low-permeable coalbed and the strong adsorption of coalbed methane are the two key 
characteristics in the process of coalbed methane development in China. Based on these concerns, a model of unsteady seepage 
flow in low-permeable coalbed with moving boundary is built, which incorporates both the existence of threshold pressure 
gradient and the stable and unstable adsorption of coalbed methane simultaneously. Moreover, the effects of wellbore storage and 
skin effect are both considered, which can be incorporated in the inner boundary conditions. Due to the strong nonlinearity and 
complexity of the model with moving boundary, a verified numerical method of spatial coordinate transformation based fully 
implicit finite difference method is adopted to obtain its numerical solutions. By using these numerical solutions, the effects of 
the dimensionless coefficient of wellbore storage, the skin factor, the dimensionless threshold pressure gradient and the 
dimensionless coefficient of unstable desorption on the formation pressure distribution are analyzed, and some significant 
conclusions are obtained. 
© 2015 The Authors.Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
The coal beds in China generally belong to low -permeable porous media [1]. In particular, the late palaeozoic 
coal beds with the permeability less than 1mD account for about seventy percent. In comparison with the 
conventional natural gas reservoirs, micro-pores for the coals are extremely developed, which have rather large 
superficial area. And a large amount of gas is absorbed on the coal rock surface, and exhibits the absorption state 
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under the condition of formation pressure [2-8]. In the process of coalbed methane production, the coalbed methane 
can be desorbed apart from the coalbed matrix, while coal formation pressure drops below the critical adsorption 
pressure. The adverse effects of low permeability and strong absorption of coal bed should be overcome in order to 
obtain high productivity of coalbed methane from low-permeable coal beds in China. 
Abundant experimental and theoretical researches have demonstrated that the seepage flow behavior in low-
permeable porous media does not obey classical Darcy’s law [9-14], and there exists a threshold pressure gradient in 
the fluid flow process. Then there also exists the threshold pressure gradient in the gas seepage flow process in low-
permeable coal beds; the existence of threshold pressure gradient can produce a moving boundary [15-18], which 
propagates out gradually with time increasing in the coal beds. Inside the moving boundary, the formation drop 
happens, and the formation pressure gradient is larger than the threshold pressure gradient. However, outside the 
moving boundary, the formation pressure gradient is smaller than the threshold pressure gradient, where no seepage 
flow happens and the formation pressure keeps the initial formation pressure. Reference [15] demonstrates the 
necessity of incorporating the moving boundary condition for modeling the seepage flow in consideration of the 
threshold pressure gradient. 
Nomenclature 
PD the dimensionless formation pressure;      PcD     the dimensionless critical desorption pressure; 
rD the dimensionless radial distance;     tD    the dimensionless time; 
λD the dimensionless threshold pressure gradient;      δ    the dimensionless distance of moving boundary; 
α1D the dimensionless coefficient of stable desorption;      PWD    the dimensionless wellbore pressure; 
α2D the dimensionless coefficient of unstable desorption;    S     the skin factor; 
CD the dimensionless coefficient of wellbore storage; 
2. Physical model 
At the center of a low -permeable coal bed, a gas well is producing at a constant production rate; other assumptions 
for the physical model are as follows [3, 7]: The coal bed is isotropic, homogeneous and infinite. The fluid in the 
coal bed is compressible, and belongs to Newtonian fluid with a constant viscosity. The gas seepage flow in the low-
permeable coal bed belongs to non-Darcy flow under the condition of low velocity, under consideration of the 
threshold pressure gradient. The desorption of coalbed methane contains stable desorption and unstable desorption 
[6, 7]; the initial formation pressure is equal to the critical desorption pressure; the influence of temperature change 
on the gas flow is not considered. The wellbore storage and skin effect are both considered. The effect of gravity is 
neglected, and other physical and chemical factors are not considered.  
 
Fig. 1.The schematic of physical model. 
The schematic of the physical model is shown in Fig. 1. Once the coalbed methane is produced from the 
wellbore, formation pressure will drop. Due to the existence of threshold pressure gradient, there will be a moving 
boundary. On the position of moving boundary, the formation pressure gradient is equal to the threshold pressure 
gradient, which is also equal to tan (β), where β is the angle between the formation pressure curve and the radial 
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distance on the position of moving boundary (Fig. 1). The angle β keeps invariant as time increasing. The pressure 
drop area i.e. the disturbed area is from the wellbore to the position of moving boundary (see Fig. 1); however, the 
formation pressure still keeps the initial pressure outside the disturbed area, which belongs to the undisturbed area. 
According to the above assumption of the initial formation pressure equal to the critical desorption pressure, the 
coalbed methane can be desorbed from the coalbed matrix only at the disturbed area. 
3. Mathematical models 
A dimensionless mathematical model of unsteady seepage flow in low -permeable coal beds is built with moving 
boundary conditions. The governing equation [3] is as follows: 
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where stable and unstable desorption of coalbed methane can be expressed in the form of source/sink term i. e. 
α1D+α2D(PD-PcD), and its validation has been verified through matching the real test data [5-7]. Besides, it should be 
noted that the above equation is only valid at the area from the wellbore to the position of the moving boundary. 
The initial equation: 
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The inner boundary conditions in consideration of wellbore storage and skin effect [19]: 
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The moving boundary conditions: 
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Through the above mathematical model, the velocity of the moving boundary can be deduced as follows: 
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Eq. (7) illustrates that  the velocity of moving boundary is inversely proportional to the threshold pressure gradient; 
it also relates to the coefficients of stable desorption and unstable desorption and the critical desorption pressure. 
4. Numerical method 
Due to the existence of the moving boundary in the dimensionless mathematical model, the flow region is not 
fixed, and expands outward continuously with time increasing. In order to overcome this difficulty in the space 
discretization for the transient flow region with the moving boundary, a spatial coordinate transformation method is 
used, as follows [15, 16]: 
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According to Eq. (8), the dynamic flow region for the moving boundary problem [0, G(tD)] can be transformed 
into a fixed region [0, 1].Through Eq. (8), the moving boundary model i.e. Eqs. (1)-(6) can be transformed into a 
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closed group of nonlinear partial differential equations with respect to η(rf, tD) with fixed boundary conditions [15, 
16]. Due to the strong nonlinearity of the transformed model, a stable, fully implicit finite difference method is used 
to obtain its numerical solutions. The Newton-Raphson iterative method is used to numerically solve these nonlinear 
difference equations. The correctness and validity of the numerical method have been verified in the reference[3]. 
5. Numerical results 
Fig. 2(a) and Fig. 2(b) demonstrate the effects of the dimensionless coefficient of wellbore storage CD and the 
skin factor S on the moving boundary, respectively. From Fig. 2(a), it can be included that the larger the 
dimensionless coefficient of wellbore storage, the smaller the moving boundary, and the slower the propagation 
velocity of the coalbed pressure drop; and as time increasing, the effect of wellbore storage becomes smaller and 
smaller. From Fig. 2(b), it can be seen that the larger the skin factor, the smaller the distance of moving boundary, 
and the weaker the sensitivity of its effect on the moving boundary; and as time increasing, the effect of skin factor 
weakens, and the curves corresponding to different values of skin factor coincide gradually. 
 
                                                                                 (a)                                                              (b) 
Fig.2.The effects of wellbore storage (a) and skin factor (b) on the moving boundary.
 
 
(a)                                                                         (b) 
Fig.3. The effects of threshold pressure gradient (a) and unstable desorption (b)on the formation pressure distribution. 
Fig. 3(a) and Fig. 3(b) show the effects of the dimensionless threshold pressure gradient λD and the 
dimensionless coefficient of unstable desorption α2D on the formation pressure distribution corresponding to the 
value of dimensionless time equal to 104. From Fig. 3(a), it can be seen that the smaller the dimensionless threshold 
pressure gradient, the smoother the formation pressure distribution curves, the bigger the angle between the 
formation pressure curve and the radial distance on the position of moving boundary, and the further the moving 
boundary propagates. From Fig. 3(b), it can be seen that the smaller the dimensionless coefficient of unstable 
desorption, which indicates the stronger desorption ability of the coalbed methane, the smaller the dimensionless 
formation pressure, and the slower the propagation velocity of the formation pressure drop. The unstable desorption 
could supply additional material of coalbed methane, which can slow down the formation pressure drop. 
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6. Conclusions 
A moving boundary model for unsteady seepage flow in low-permeable coalbed is constructed in consideration 
of both wellbore storage and skin effect. The propagation velocity of the moving boundary is inversely proportional 
to the threshold pressure gradient; it also relates to the coefficients of stable desorption and unstable desorption and 
the critical desorption pressure. Numerical result analyses show that the bigger the dimensionless wellbore storage, 
the smaller the distance of moving boundary, and the slower the propagation velocity of the formation pressure drop; 
the larger the skin factor, the smaller the distance of moving boundary, and the weaker the sensitivity of its effect on 
the moving boundary; the larger the dimensionless threshold pressure gradient, the bigger the angle between the 
coalbed pressure curve and the coordinate of radial distance on the moving boundary; the smaller the dimensionless 
unstable adsorption coefficient, the smaller the dimensionless coalbed pressure, and the slower the propagation 
velocity of the formation pressure drop. 
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